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Description 

METHOD FOR PATTERNING A 
SEMICONDUCTOR REGION 

Background of Invention 

[0001] The present invention relates to the processing of semi- 
conductors, as, for example, in the fabrication of micro- 
electronic devices and other micro-scale and nano-scale 
structures. 

[0002] The patterning of semiconductor materials through etch- 
ing is performed almost universally in the fabrication of 
microelectronic circuits and devices, as well as certain 
semiconductor elements and substrates used to intercon- 
nect microelectronic devices. The constant demand on the 
microelectronics industry to increase the speed and den- 
sity of integrated circuits require that the dimensions of at 
least some microelectronic devices be reduced from one 
generation to the next. 

[0003] However, as device sizes are reduced, difficulties are en- 
countered in maintaining new device dimensions within 



tolerances. This is especially true of the critical dimension 
of a device. In integrated circuits, the critical dimension 
represents the smallest size of certain features, such as an 
element of a transistor. For example, the width of the gate 
conductor of a field effect transistor (FET) of an integrated 
circuit is generally fabricated to the critical dimension. 
Other features of a FET, such as the source and drain, may 
also need to be fabricated at the critical dimension. As 
these device elements are reduced in size, the difficulty of 
patterning them increases. The challenges of etching 
semiconductor materials to the correct physical dimen- 
sions is a growing concern. 
[0004] The formation of gate conductors of FETs poses particular 
challenges. In some processes, a layer of intrinsic polysili- 
con, or at most lightly doped polysilicon, is deposited to a 
thickness of about 1500 A on a gate dielectric. Thereafter, 
heavily doped p+ and n+ regions are formed in the up- 
permost 250 A to 500 A thickness of the layer by implant- 
ing dopants of respective types (e.g., boron as a p+ 
dopant, and phosphorous as an n+ dopant) in separate 
masked implantations. This results in a layered stack hav- 
ing a lower layer of intrinsic, or at most lightly doped, 
polysilicon and an upper layer of heavily doped polysili- 



con. The layered stack is then patterned by etching down 
to the gate dielectric to define the locations and widths of 
the gate conductors. Subsequent high temperature an- 
nealing then drives dopants from the upper polysilicon 
layer into the lower polysilicon layer to form p doped gate 
conductors of p-type FETs and n doped gate conductors 
of n-type FETs. 

[0005] The patterning of the layered stack is performed effi- 
ciently when both the upper layer and the lower layer are 
patterned together by etching. However, heretofore, the 
patterning of a heavily doped polysilicon layer and an in- 
trinsic or lightly doped polysilicon layer has posed diffi- 
culties for maintaining the critical dimension of the gate 
conductor. 

[0006] FIG. 1 illustrates a problem of patterning both a heavily 
doped polysilicon layer and an essentially undoped layer 
according to the prior art. As illustrated in FIG. 1, an up- 
per, heavily doped, polysilicon layer 37 (illustratively, n + 
doped) is disposed above a lower, lightly doped (or not 
doped), lower polysilicon layer 39. In turn, the lower 
polysilicon layer 39 is disposed on a gate dielectric 30 
(here, a gate oxide layer). In this example, the dopant 
concentration in the upper layer illustratively ranges from 
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about 10 cm to 10 cm , while the dopant concentra- 
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tion in the lower layer is typically below 10 cm , and 
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more commonly below 10 cm . The lower polysilicon 
layer 39 is not required to have any dopants present. 
[0007] Thus, the upper layer has a dopant concentration that is 
two or more orders of magnitude higher than that of the 
lower layer. The upper and lower layers 37, 39 are parts of 
a gate conductor stack. The upper and lower layers 37, 39 
are shown here after etching by a conventional single- 
step anisotropic vertical etch process, such as any of sev- 
eral known classes of directional etching processes, e.g., a 
reactive ion etch (RIE). Illustratively, the gate dielectric is a 
gate oxide, such as provided by thermal growth from an 
uppermost device region (not shown) of a semiconductor 
substrate (not shown). The substrate is typically a bulk 
substrate or semiconductor-on-insulator type substrate 
having a device region including silicon and/or silicon 
germanium. 

[0008] The developed patterns of a photoresist imaging layer are 
shown as layer 35, and layer 36 is an anti-reflective coat- 
ing (ARC) or other hardmask material (hereinafter "ARC 
layer") that is patterned according to the image patterns in 
the photoresist layer. ARC layer 36 helps to transfer the 



photoresist image patterns to the polysilicon layers 37 
and 39 underlying it. 
[0009] | n an exemplary etching process according to the prior 
art, component gases present in the etching chamber in- 
clude SF , NF or HBr or a mixture thereof. As apparent 

6 3 

from FIG. 1, the sidewall of the upper layer 37 has eroded 
significantly, such that the sidewalls 38 of the upper layer 
37 are not straight. Rather, the sidewalls 38 have been 
undercut underneath the ARC layer 36. As a result, the di- 
mension 40 of the bottom surface 33 of the upper layer 
37 has become smaller than the dimension 42 at the top 
surface 34. While the lower layer 39 is potentially subject 
to some erosion and undercutting during etching, this 
problem affects the upper layer 37 disproportionately, be- 
cause of its much higher dopant concentration (by orders 
of magnitude). Other etching mixtures are also problem- 
atic. For example, when the etchant includes NF 3 mixed 
with a fluorocarbon having a low carbon to fluorine ratio 
(e.g. CF 4 ), results are detrimental to the photoresist mask 
35. A mixture of CF4 and SF6 has also been tried for etch- 
ing heavily doped polysilicon. However, this chemistry has 
resulted in severe etch depth non-uniformity within the 
wafer when etching heavily doped polysilicon, which can 



impact the integrity of the patterned structures. 

[0010] The effect of the problem is experienced most when the 
lower layer of polysilicon 39 is etched. Since the eroded 
upper layer 37 has a smaller dimension 40 than desired, 
this smaller dimension 40 is transferred to the critical di- 
mension 44 of the lower layer 39 during etching. As a re- 
sult, the critical dimension 44 of the gate conductor in 
contact with the gate oxide 30 becomes smaller than the 
desired dimension 42. Stated another way, the erosion of 
the upper layer 37 prevents the desired dimension 42 of 
the patterned ARC layer 36 from being transferred faith- 
fully to dimension 44 of the lower layer 39 where the 
lower layer meets the gate oxide 30. 

[0011] Thus, a solution is needed for etching a region of heavily 
doped semiconductor material to produce a patterned re- 
gion having straight sidewalls, which avoids substantial 
sidewall erosion and undercutting. Having produced a 
patterned region having straight sidewalls, a region of 
lightly doped semiconductor material lying below the pat- 
terned region could itself be patterned more reliably to an 

intended dimension. 
Summary of Invention 

[0012] According to an aspect of the invention, a method is pro- 



vided for patterning a semiconductor region, such as a 
heavily doped semiconductor region. A patterned mask is 
provided above the semiconductor region. A portion of 
the semiconductor region exposed by the patterned mask 
is etched in an environment including a polymerizing flu- 
orocarbon, e.g., a chlorine-free fluorocarbon having a 
high ratio of carbon to fluorine atoms, and at least one 
non-polymerizing substance selected from the group 
consisting of non-polymerizing fluorocarbons, e.g. those 
having a low ratio of carbon to fluorine atoms, and hydro- 
genated fluorocarbons. Preferably, the environment fur- 
ther includes nitrogen. The method preferably passivates 
the sidewalls of the patterned semiconductor region, such 
that a lower region of semiconductor material below the 
patterned region can be directionally etched without 
eroding the thus passivated patterned region. 

[0013] According to a preferred aspect of the invention, the etch- 
ing is performed anisotropically, in an essentially vertical 
direction, such that a pattern resulting from the etching 
has a substantially straight sidewalk 

[0014] According to a further preferred aspect of the invention, 
the environment further includes a plasma, has a pressure 
ranging between about 2 milliTorr and about 100 milli- 



Torr, and etching is performed at a wafer temperature be- 
tween about 10 °C and 100 °C. 
[0015] According to a particular preferred aspect of the inven- 
tion, the semiconductor region includes a first semicon- 
ductor layer disposed above a second semiconductor 
layer, the first semiconductor layer being heavily doped, 
and the second semiconductor layer being no more than 
lightly doped, wherein portions of the first and second 
semiconductor layers are patterned by the etching such 
that a resulting pattern has a substantially straight side- 
wall. 

[0016] Preferably, at least portions of the semiconductor region 
patterned by the etching have polycrystalline form or 
amorphous form, and more preferably, are polycrystalline 
in form. 

[0017] According to a preferred aspect of the invention, the pat- 
terned mask includes an anti-reflective coating (ARC). The 
patterned mask may further include a hardmask layer, e.g. 
an inorganic layer of oxide and/or nitride, disposed below 
the ARC and above the first semiconductor layer. 

[0018] According to another aspect of the invention, a method is 
provided for patterning a semiconductor region. Accord- 
ing to such aspect, a patterned mask is provided above 



the semiconductor region. A portion of the semiconductor 
region exposed by the patterned mask is etched in an en- 
vironment including at least one substance selected from 
the group consisting of chlorine-free fluorocarbons hav- 
ing a high ratio of carbon to fluorine atoms, and at least 
one substance selected from the group consisting of: (a) 
fluorocarbons having a low ratio of ratio of carbon to flu- 
orine atoms, and (b) hydrogenated fluorocarbons. 
[0019] According to yet another aspect of the invention, a 

method is provided for patterning a layered stack includ- 
ing a first, essentially polycrystalline, semiconductor layer 
having a first dopant concentration and a second essen- 
tially polycrystalline semiconductor layer having a second 
dopant concentration, the first dopant concentration be- 
ing greater than about 100 times the second dopant con- 
centration. According to such method, a patterned mask 
is provided above the layered stack. A portion of the first 
semiconductor layer exposed by the patterned mask is 
then etched. A portion of the second semiconductor layer 
underlying the etched portion of the first semiconductor 
layer is etched, wherein the etching is performed in an 
environment including nitrogen, at least one substance 
selected from the group consisting of chlorine-free fluo- 



rocarbons having a high ratio of carbon to fluorine atoms, 
and at least one substance selected from the group con- 
sisting of a) fluorocarbons having a low ratio of ratio of 
carbon to fluorine atoms, and b) hydrogenated fluorocar- 
bons. 

Brief Description of Drawings 

[0020] FIG. 1 is a cross-sectional diagram of a patterned gate 

stack structure, illustrating a problem encountered when 
etching a two-layer semiconductor gate stack according 
to a conventional process. 

[0021] FIG. 2 is a cross-sectional diagram illustrating a prelimi- 
nary stage in a process of etching a semiconductor gate 
stack according to an embodiment of the invention. 

[0022] FIG. 3 is a cross-sectional diagram illustrating a stage 

subsequent to that shown in FIG. 2, of a process of etch- 
ing a semiconductor gate stack according to an embodi- 
ment of the invention. 

[0023] FIG. 4 is a cross-sectional diagram illustrating a still later 
stage in process of etching a semiconductor gate stack 
according to an embodiment of the invention, in which a 
lower semiconductor layer is etched, stopping at an un- 
derlying gate oxide layer. 
Detailed Description 



[0024] it bears noting that while the embodiments of the inven- 
tion are described in the context of etching of a gate stack 
including a heavily doped n+ or p+ layer of polysilicon, 
overlying a lightly doped polysilicon layer, the invention is 
not so limited. The principles of the invention described 
herein apply as well to the patterning of other material 
forms of semiconductors, i.e., amorphous and single- 
crystal semiconductors. Moreover, the principles of the 
invention apply not only to the etching of silicon, but to 
alloys of silicon as well, e.g., silicon germanium. 

[0025] Embodiments of the invention are described herein with 
particular regard to improving the patterning of critically 
dimensioned elements. Hence, in the embodiments de- 
scribed below, methods are provided for patterning a 
semiconductor region so as to reduce the aforementioned 
erosion and undercutting of the upper semiconductor 
layer. In such manner, a gate stack having a lower layer of 
polysilicon and a more heavily doped upper layer of 
polysilicon can be patterned to the critical dimension 
within tolerances. 

[0026] As shown and described herein, like elements are shown 
by like numerals throughout. FIG. 2 is a cross-sectional 
view illustrating a preliminary stage in a patterning pro- 



cess according to an embodiment of the invention. As 
shown in FIG. 2, a patterned photoresist layer 10 is pro- 
vided, overlying a layered stack to be patterned, including 
an anti-reflective coating (ARC) 11, a hardmask layer 15, 
an upper, heavily doped, polysilicon layer, having a 
dopant concentration, illustratively, of between about 10 
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cm and 10 cm , and a lower, lightly doped or "un- 
doped" polysilicon layer 13, having a dopant concentra- 
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tion of less than about 10 cm , illustratively. At a critical 
dimension of 30 nm to 60 nm, such being the width of the 
photoresist pattern 10, the upper polysilicon layer 12 has 
a thickness 16 of about 50 nm. The lower polysilicon layer 
13 can be an essentially "undoped" layer, which may or 
may not contain a slight dopant concentration. The lower 
polysilicon layer 13 can have a dopant concentration such 
as obtained by depositing polysilicon without intentionally 
doping the material. Alternatively, that layer 13 can be a 
lightly doped layer, typically having a dopant concentra- 
tion that is two or more orders of magnitude lower than 
the dopant concentration of the upper layer 12. The lower 
polysilicon layer 13 has a thickness 21 of between about 
50 nm and 100 nm. 
[0027] The lower polysilicon layer 13 overlies a gate oxide 14, 



which is disposed on a major surface 22 of a semiconduc- 
tor substrate 24. As described above, the ARC layer 11 
assists in transferring the image from the patterned pho- 
toresist layer 10 to the polysilicon layers 12, 13 below. 
The hard mask layer 15 is optional. When present, the 
hard mask layer 15, typically an oxide such as silicon 
dioxide or alternatively, a nitride such as silicon nitride, is 
used to further help in transferring the image. Alterna- 
tively, the ARC layer 11 can be omitted and only the hard 
mask layer 15 used to assist with the image transfer. 

[0028] The conditions under which it is desirable to use the hard 
mask layer 15 with the ARC layer 11, or instead of the 
ARC layer 11, and the reasons therefor, are beyond the 
scope of the invention described herein, and will not be 
discussed further. In the following description, it is as- 
sumed that a patterned mask having one more layers 
(e.g., a patterned photoresist layer, an ARC layer and/or a 
hardmask layer) exists which assists in transferring the 
developed photoresist pattern image to the upper and 
lower polysilicon layers. 

[0029] FIG. 3 is a cross-sectional diagram illustrating a subse- 
quent stage in an etching process according to this em- 
bodiment of the invention. FIG. 3 shows a stage in the 



process after the upper polysilicon layer 12 has been 
etched. As shown in FIG. 3, the polysilicon layer does not 
exhibit excessive undercutting and erosion. Instead, as a 
result of the etch process, a passivation layer 18 has 
formed on a sidewall of the upper polysilicon layer 12 and 
the overlying ARC layer 11 and hard mask layer 15, which 
protects the upper polysilicon layer. 
[0030] The etching conditions which are conducive to etching the 
upper and lower polysilicon layers 12, 13 while forming 
such passivation layer 18 will now be described. The etch- 
ing process is a reactive ion etch process, anisotropic and 
directional in nature, which proceeds principally in a first 
direction 20. The first direction 20 is typically perpendicu- 
lar to the major surface 22 of the substrate 24, or other- 
wise substantially perpendicular. The principal direction of 
etching is determined by the orientation of a source of 
ions (not shown) used in the etching process to the major 
surface 22 of the substrate. Thus, while the etching pro- 
ceeds principally in one direction, such direction can be 
varied from the perpendicular by varying the orientation 
of the ion source to the major surface 22, when desired 
according to the needs of the particular fabrication pro- 
cess. 



[0031] The etching process is desirably conducted at a relatively 
low wafer (substrate) temperature of 10 °C to 100 °C, and 
at low-pressure, for example, between about 2 milliTorr 
and 100 milliTorr, using dual radio frequency (RF) plasma 
generation sources. A first RF source, operating at 60 
MHz, is used to dissociate component gases into ions and 
neutral particles. A second RF source at 13.56 MHz is 
used to impart directionality, i.e., anisotropy, to the etch 
process. 

[0032] | n t his etching process, the component substances 

present in the etching chamber differ from those conven- 
tionally used to perform directional reactive ion etching of 
semiconductor materials. This etching process includes 
component substances, that result in the formation of a 
passivation layer 18 on sidewalls 19 of the upper polysili- 
con layer 12 as a byproduct of the etching process. The 
passivation layer 18 serves to protect the heavily doped 
upper polysilicon layer 12 from erosion and undercutting 
during subsequent processing. Thus, the passivation layer 
18 serves to protect the upper layer 12 from subsequent 
erosion when the lower layer 13 is etched, even if the 
lower layer is etched in an environment including different 
component substances which would ordinarily erode the 



sidewalls of heavily doped polysilicon. The passivation 
layer includes a carbon-containing polymer and is typi- 
cally very thin, having a thickness, illustratively, of 10 A or 
less. Such passivation layer forms as an overlayer de- 
posited onto the sidewall 19 of the upper polysilicon layer 
12, and/or is somewhat embedded into the sidewall 19 of 
the upper layer 12. 
[0033] | n this etching process, etching is conducted using a poly- 
merizing fluorocarbon, and at least one non-polymerizing 
substance. Exemplary polymerizing fluorocarbons include 
chlorine-free compounds that have a high ratio of carbon 
to fluorine atoms. The fluorocarbons C F , C F and C F 
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fall into this category. Such fluorocarbons are typically 
gaseous in form at the temperatures (e.g. 10 °C to 100°C) 
and pressures (generally between about 2 milliTorr to 100 
milliTorr) that are normally present during the etching 
process. 

[0034] The non-polymerizing substance is typically a non- 
polymerizing fluorocarbon and/or a hydrogenated fluoro- 
carbon. Among non-polymerizing fluorocarbons are those 
that have a low ratio of carbon atoms to fluorine atoms, 
such as CF , for example. Alternatively, a hydrogenated 
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fluorocarbon such as CH F , or CHF can take the place 
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of, and fulfill the same function, as the non-polymerizing 
fluorocarbon. 

[0035] | n addition to the polymerizing fluorocarbon and non- 
polymerizing fluorocarbon, nitrogen is also preferably 
present in the chamber. Nitrogen is helpful in providing a 
reasonably high rate of etching the upper polysilicon layer 
12, and to regulate the deposition of the polymeric passi- 
vation layer 18 on the sidewall 19 of that layer 12. When 
the deposition of the passivation layer 18 during etching 
is controlled, the anisotropy of the etching process is 
maintained well, such that there is little or no undercut- 
ting of the upper polysilicon layer 12, and etching is per- 
formed with a substantially vertical etch profile. 

[0036] Following the etching of the upper polysilicon layer 12, 
the lower polysilicon layer 13 is now available to be 
etched. As shown in FIG. 3, some overetching is typically 
performed when patterning the upper polysilicon layer 12, 
such that a portion 25 of the lower polysilicon layer 13 is 
also etched in the process. Thus, passivation layer 18 ex- 
tends downwardly to cover portions 26 of the sidewalls of 
layer 13, as well. 

[0037] n ow t hat the upper polysilicon layer 12 has been pat- 
terned, having a passivation layer 18 in place on sidewalls 



26 thereof, an etching process can be employed that is 
tailored to high-rate etching of the lightly doped (or un- 
doped) lower polysilicon layer 12, and tailored to main- 
taining the vertical etch profile of the lower polysilicon 
layer 12. As the passivation layer 18 protects the upper 
polysilicon layer 12 from excessive erosion and undercut- 
ting, an etching process can be employed such as the one 
employing SF g , NF 3 or HBr or mixture thereof, as de- 
scribed above as background to the invention. The overly- 
ing patterned photoresist layer 10 is typically removed 
prior to etching the lower polysilicon layer 13. 
[0038] Thereafter, with reference to FIG. 4, when the lower 

polysilicon layer 13 is etched by the conventional process, 
the passivation layer 18 remains in place to protect the 
upper polysilicon layer 12 from undercutting and erosion. 
Since the upper polysilicon layer 12 is patterned by the 
foregoing described process resulting in a passivation 
layer 18, the etching of the lower polysilicon layer 13 re- 
sults in the etched layer having a substantially vertical 
sidewall 28. In such manner, the lower polysilicon layer 13 
is patterned to a dimension 29 that is substantially the 
same as the dimension 23 at the upper surface 27 of the 
upper polysilicon layer 12. 



[0039] | n a variation of the above-described embodiment, the 
etching process used to pattern the upper polysilicon 
layer is continued such that the lower polysilicon layer is 
patterned by substantially the same etch process condi- 
tions as the upper polysilicon layer. In such case, the pho- 
toresist mask is consumed more quickly than it is be un- 
der the two-part etch process described above, such that 
the photoresist pattern must be provided to a sufficient 
minimum thickness at the start of etching. When process 
parameters are appropriately optimized, the lower layer is 
patterned through this one-part etch process to pattern 
gate conductors having a suitable vertical profile and 
within tolerances of the critical dimension. 

[0040] while the invention has been described in accordance with 
certain preferred embodiments thereof, those skilled in 
the art will understand the many modifications and en- 
hancements which can be made thereto without departing 
from the true scope and spirit of the invention, which is 
limited only by the claims appended below. 



